Carbon fibers are widely used as a structural material in composites because of their high tensile strength-to-weight ratio (up to ten times that of steel). A typical manufacturing technique is to extrude the precursor, typically pitch or polyacrylonitrile (PAN), into a continuous filament.
Subsequent heating of the polymeric filament in air at -lOO<tC drives off H, 0, N, etc. and "carbonizes" the fiber. Annealing in an inert atmosphere at temperatures up to 2900"C (T m: = 2900"C) increases the size and the degree of alignment along the fiber axis of the graphene planes The first-order Raman spectrum of single crystal graphite (e.g., highly ordered pyrolytic graphite or HOPG) consists of a single peak at 1581 cm· 1 (G-band), corresponding to the doubly degenerate Raman-active Ez~ mode [2] . In all disordered graphites a second peak (D-band) appears near 1355 cm· 1 • The D-band peak corresponds to a peak in the optical phonon density of states near the Brillouin zone boundary and its intensity arises from relaxation of the k = 0 selection rule caused by breaking the translational symmetry in the disordered material [2] [3] [ 4] . Both the D-and G-bands appear in the first-order spectra of annealed carbon fibers. The E;z~ mode ofHOPG involves the relative in-plane motions of atoms in adjacent planes while the corresponding mode in turbostratic graphite involves only the relative motions of atoms in a single plane. As a result of this distinction, the G-band of turbostratic graphite may appear at a frequency a few cm· 1 higher than in HOPG [5] . The ratio of the integrated intensities of the D-and G-bands, /of/ 0 , has been related to the microcrystallite size, L., by correlating Raman measurements with X-ray diffraction results [2] . The Ir:JI 0 ratios of carbon fibers annealed at successively higher temperatures have been shown to decrease steadily, indicating that the average microcrystallite size is larger in fibers annealed at higher temperatures. [6] [7] [8] Uniaxial stress and strain also cause changes in the Raman spectra of carbon fibers. Robinson et al. [9] and Galiotis and Batchelder [10] frrst observed that -1% strains along the longitudinal axis of a variety of commercial carbon fibers caused the G-band Raman frequency to decrease by up to 15 cm· 1
• The results recently have been used to map residual stress in carbon fiber composites [11] . Sakata et al. [12] studied quantitatively the effect of uniaxial stress on benzene-derived fibers annealed at 2900°C. They observed that the G-band frequency shifts to lower frequency with increasing tensile stress and that the shift is 3.5 times larger when the laser polarization is parallel to the fiber axis compared to when it is polarized perpendicular to the fiber axis. They used these results to calculate the phenomenological parameters that describe the changes in the spring constant of the k = 0 optical phonons with strain.
In this work we have measured the Raman spectra ofindividual81J.I11 diameter PAN-derived carbon fibers with various T HT as a function of incident laser power from 1 to 140 mW. The G-band frequency shifts to lower frequency with increasing laser power for all fibers studied. The shifts can be up to 20 cm· resistively heated HOPG and used to calibrate the temperature of the carbon fibers. Spatially resolved Raman spectra were obtained along a carbon fiber using a unique imaging Raman apparatus and were used to determine the in-siru temperature profile of a laser heated fiber.
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Experimental
Five groups of PAN-derived fibers were used in the present study with T HT = 1700, 2000, 2400, 2600, and 2800"C [ 13] . Hereafter in the text, specifying a fiber as 2800 HT means a fiber that was annealed at 2800"C. The graphene planes of ex-PAN fibers have a preferred alignment that is parallel to the fiber axis, but there is typically a wide distribution around this value. The mechanical properties of the fibers are listed in Table 1 [ 13] . The fibers studied are 8 ~min diameter and all measurements were performed with single fibers. Figure 1 is an overview of the experimental arrangement All Raman spectra were excited with the 488 nm line of an Ar+ laser. A quarter wave plate was used to rotate the laser polarization for polarization studies. In all work reported here, the laser polarization was perpendicular to the fiber axis and all polarizations of the scattered light were collected. In the point-focus experiments a telescope expanded the laser beam to a diameter of 9 mm and a 50 mm coated spherical lens focused the expanded beam onto the fiber. With this optical arrangement the beam waist at the fiber is calculated to be 2 ~m. The beam diameter was confinned to be smaller than the fiber diameter by observing that the laser beam could be completely blocked by the fiber. The laser power was measured between the telescope and focusing lens with an external commercial laser-power meter.
The fibers were carefully mounted by hand on an optical mount with double sticky tape. For the imaging experiments, the fibers were mounted on a rotation stage to facilitate alignment. Most point-focus experiments were performed with the fiber outside the laser focus such that the fiber only partially blocked the beam. This allowed a finer control of the laser power. An iris was used to block all but the central portion of the illuminating laser beam which had a Gaussian profile. The laser power at the fiber was then calculated by measuring the area of the shadow of the fiber compared to the expanded beam area, both observed on a screen located past the laser focus. In a typical experiment, the image of the laser beam was 65 mm in diameter and the shadow of the fiber was 12 mm in width. In this configuration 24% of the measured laser power is incident on the fiber, assuming a constant laser intensity profile.
For the highly ordered pyrolytic graphite (HOPG) experiments, an oblong sample (2 mm x 2 mm x 5 mm) of HOPG was mounted on two parallel copper rods. The HOPG sample was resistively heated by passing a de current (up to 20 A at 1 V) through the sample, parallel to the graphite planes. 
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Spatially resolved Raman images were obtained from a 2800 HT fiber using a unique Raman imaging technique that we have described previously [18] . In this technique, a cylindrical lens is used to focus the laser to a line, fonning a slit-like illuminated area on the sample. Light scattered from the illuminated area is then imaged onto the entrance slit of the spectrometer. The scattered light entering the slit is dispersed by the spectrometer grating and is projected onto the position sensitive detector (1024 x 1024 pixel format). The height of the entrance slit image projected onto the detector is approximately 800 pixels. Each of these horizontal pixel rows contains the complete Raman spectrum from the corresponding point along the illuminated line on the sample.
In the spatially resolved experiments presented here, the 488 nm laser beam was divided by a beamsplitter. The telescope was removed to reduce the beam diameter and increase the laser power at the sample. One beam (probe) illuminated the sample using a 50 mm cylindrical lens.
This formed a ca. 1.6 mm high illuminated area along the 8 J.lm fiber, which was imaged onto the entrance slit. The second beam (heating) was carefully focused with a 85 mm spherical lens to a 100 J.lm spot (see Discussion) in the center of the are;t illuminated by the "probe" beam (see Fig. 1 , inset). To maximize spectral resolution in these ex~eriments, we used a 2400 groove/mm grating in the monochromator with a dispersion of 0.4 cm" 1 /pixel. In the imaging experiments only the G-band at ca. 1580 cm· 1 was measured.
The probe beam was adjusted to the lowest power possible while still producing enough Raman scattered light in each row to detect and fit in a typical collection time of 10 minutes.
Spectroscopic images of the fiber were collected with the probe beam only and with the probe and heating beams both on. To limit the amount of data evaluated, horizontal rows in the spatially and wavelength dispersed image were summed together in groups of four in hardware to yield images with 1024 columns (Raman frequency) and 256 rows (spatial). Analysis of the images was performed using the LBL CHEMMAP computer program [19] . Lorentzian lineshapes were fit to the G-band spectra in each of the 200 spatial rows and the position, FWHM, and peak intensity of the G-band were recorded. The 200 spatial rows analyzed corresponded to 1.6 mm vertical distance along the fiber. To correct for the curved image of the entrance slit on the exit focal plane of the monochromator, a wavelength calibration image was collected in the following way. The monochromator was slewed such that a Ne emission line was observed at the same horizontal (spectral) position at the center of the detector as the HOPG G-band, and an image was collected and fit. Shifts in the G-band frequency as a function of vertical position were calculated as differences between the G-band frequency and the Ne calibration frequency in each spatial row.
Results

Carbon fibers-point-focus measurements
Typical point-focus spectra are shown in Fig. 2 for a 2000 HT and a 2800 HT fiber. The Gand D-bands narrow and the /r)/ 0 ratio decreases with increasing T HT· These change have been documented previously [6] [7] [8] . They are attributed to an increase in the graphite microcrystallite size (in-plane coherence length), L., with increasing annealing temperature [6] . Looking first at the scattering intensities, in region I (0-30 mW laser power incident on the fiber), the scattering intensity increases linearly with laser power, as expected for ordinary Raman scattering. In region II (30 -40 m W), the increase is still linear but occurs at a faster rate. In region ill ( 40 -55 m W), the scattering intensity is roughly constant as the incident laser power increases.
In region IV (55-90 mW) the total intensity decreases with increasing laser power. In region V (90-140 mW) the Raman intensity is again constant. By this point the fiber is nearly completely destroyed. Figure 4 is a micrograph of the fiber taken after this series of experiments; at least 90% of the material in the laser focus had been eroded.
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The Raman frequencies, linewidths, and relative intensities also change with increasing laser power. Figure 5 shows two spectra from the same 2800 HT fiber, collected at 1.7 mW and 51 mW Table ill for the five different heat treatment temperatures. 
Carbon fibers -imaging Raman
Imaging Raman data were obtained using a low power probe beam, which illuminated the fiber through a cylindrical lens and a variable power heating beam which was focused to a small spot on the fiber; cf. 
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The measured intensities of the G-band along the fiber are shown in Fig. 9 . These intensities are proportional to the laser power at each position along the fiber for the two experiments. The peaks in the G-band intensity above and below the large heating laser peak are due to additional illumination spots arising from secondary reflections from the beam splitter. The peak above the main illumination point is smaller then the peak below the illumination point because it arises from a weaker reflection off the back of the beam splitter. The spot size of the heating laser beam is ca. 100 IJ.m. The probe and heating beam powers were 45 and 280 mW, respectively, in the experiment shown. We were not able to measure precisely the laser power impinging on the fiber as we did for the point-focus measurements. However, the beam waist is much larger than the 8 IJ.m fiber diameter and only some portion of the heating beam hits the fiber. The larger beam waist arises from the removal of the telescope.
Highly Ordered Pyrolytic Graphite
The first-order Raman spectrum ofHOPG consists of a single line at 1581 cm· 1 • The position of this peak was measured as a function of temperature for temperatures between 20"C and 250"C.
The peak position and width of the G-band were determined by fitting a Lorentzian line shape to the observed data. When the sample was heated, the position of the G-band shifted to lower frequency ( Fig. 1 0) . The line width remained constant during these experiments. The peak returned to its original'room temperature position when the sample was cooled, as was observed with the fibers. The maximum frequency shift observed was 8 cm· 
Discussion
Both increasing the laser power in the fiber experiments and increasing the temperature in the bulk graphite experiments causes the G-band to shift to lower frequency (Figs. 3, 7 , and 10).
We show in the next section that the spatial distribution of the frequency shift of the G-band along the fiber and away from the heating laser focus, shown in Fig. 8 , is in excellent agreement with a simple heat transfer model. The shift in the positions of the G-and D-bands observed in the Raman spectra of the carbon fibers with increasing laser power is attributed to heating of the fibers.
The frequency shifts measured as a function of temperature for the HOPG G-band can be used to calculate the temperature of the fibers. As seen in Fig. 10 , the G-band ofHOPG has decreased about 7 cm· 1 at a temperature of 250°C. The maximum G-band frequency shifts observed in the carbon fibers were about 20 cm· 1 (Fig. 3) . If we assume that the frequency shift as a function of temperature is the same for HOPG·and the fibers, the temperature is computed to be about 600°C
at the point where the Raman frequency shift of the fiber is a maximum (the end of region ill, cf. . This is consistent with the experimental observation that changes in the /r:)/ 0 ratio and the line widths are irreversible. In Region II the rate at which the Raman scattered intensity increases with laser power is greater than in Region I. This may be due to erosion and roughening increasing the surface area exposed to the laser, this would increase the effective probe volume (the optical skin depth of the laser radiation is ca. 60 nm [6] ) and hence the scattered intensity.
In Region III the frequency shifts do not continue their downward trend. presumably because the temperature no longer increases. At the beginning of this region, perhaps half of the diameter of the fiber has been eroded and additional laser power produces further erosion, decreasing the effective probe volume. The decrease in scattering volume balances the increasing laser power and leads to the nearly constant scattering intensity observed in Fig. 3 . In region IV, severe erosion of the fiber occurs, leading to a decrease in scattered intensity. In region V, almost all the material in the laser focus has been eroded and the observed Raman scattering comes from material at the edges of the Gaussian laser beam profile.
These experiments show that to obtain a room temperature measurement of the G-and D-band positions in fine carbon fibers very low laser powers must be used. For example, the band positions listed in our preliminary report on these fibers [8] are shifted to frequencies 6-20 cm· 1 below their room temperature values by laser heating. In this work, we have linearly extrapolated the results for all the fibers to zero laser power and list these frequencies in Table II . In Fig. 11 , we graph the room-temperature G-band frequency determined in this way vs. T HT· The G-band frequency decreases with increasing T HT• approaching that of HOPG for the 2400 HT, 2600 HT, and 2800 HT fibers.
It is interesting that the trend seen with the ex-PAN fibers parallels that reported previously by Chieu et al. [ 6] for benzene-derived CCVD fibers; their data are also shown in Fig. 11 . The G-band frequency observed is higher in the lower HT fibers because relaxation of the k = 0 selection 13 rule in the lower HT fibers brings in some of the high frequency mid-zone phonons near 1620 cm· 1 [6] . The small systematic differences (-3 cm" planes, the G-band frequency of turbostratic graphite appears to lie a few wavenumbers above that of single crystal graphite [5] . Thus, the frequency differences between the two groups of fibers may arise from differences in inter-plane ordering rather than, or in addition to, in-plane crystallite size. The first is that the changes in the G-band position, for a given laser power, are larger than those of the D-band. The magnitude of the temperature induced shift appears to be roughly proportional to the frequency of the band. The second is that the laser-power dependences of both bands are larger for the lower T HT fibers. This may be due to the differing thermal conductivities of the fibers.
Since the thermal conductivity of the fibers is limited by scattering from defects, crystal imperfections, and microcrystallite boundaries, fibers with a larger L. (and/or a larger measured /of/a ratio) have a larger thermal conductivity [20] . The G-and D-band temperature shifts might be larger for the lower T HT fibers because these have a lower thermal conductivity and thus reach a higher temperature at a given laser power than do the higher T HT fibers. For example, based on the HOPG G-band temperature dependence, the heating of the 1700 HT fiber is 23 K/mW and that of the 2800 HT fiber is 10 K/mW in Region I.
The carbon fibers used in this study are too small (d = 8 ~) to use conventional temperature measurement methods such as optical pyrometry. Assuming that the shift of the G-band with temperature is the same in the fibers as in HOPG, the frequency shifts observed in the Raman profile in Fig. 8 can be used to compute the temperature profile. The result is shown in Fig. 14 . We estimate that the maximum temperature attained in the heat-probe experiment is 720"C. The temperature distribution has a FWHM of about 500 J.lm.
The experimental data in For example, for the fibers studied here, the G-band frequency and the lr:Jl 0 ratio both decrease with increasing heat treatment temperature. In addition, the /r)/ 0 ratio may be larger in the interior of the fiber than in the surface layer.
The problem of laser heating is general in laser studies of small fibers and the magnitude of the effect depends on the thermal conductivity of the fibers. The effect will be least important for fibers with a very high longitudinal thermal conductivity. Benzene CCVD fibers, for example, have a thermal conductivity 20x that of ex-PAN fibers and thus can be subjected to about 20x the laser power for the same degree of heating and associated effects. The PAN-derived carbon fibers studied here represent an intermediate case. The heating effect will be larger in fibers which have a smaller longitudinal thermal conductivity; for example, the thermal conductivity of SiC fibers is 1/10 that of ex-PAN carbon fibers.
Finally, for the first time (to our knowledge) an in-situ temperature profile measurement has been measured for a single carbon fiber. The observed temperature profile is in excellent agreement with a simple heat transfer model. Possible further applications of Raman imaging include the non-destructive in-situ observation of temperature or stress in carbon and graphite composite materials.
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The one-dimensional T profile of the fiber under laser heating can be estimated following essentially a textbook approach used for heat transfer in one-dimensional fins. The model has the laser as the heat source and free convective cooling as the heat sink. In steady state, the continuity equation for one-dimensional heat flux is [21] :
where X is the distance along the fiber and X = 0 at the laser focus, I wcr is the absorbed laser power, h is the coefficient for free convective cooling, 'fiber is the radius of the fiber ( 4 IJ.ID), T is the temperarure of the fiber, T a~r is the ambient air temperature (300 K), and Kftbcr is the thermal 17' conductivity of the fiber. Although the thermal conductivity is a function ofT and, therefore, of x, a single value is employed for simplicity. Half the absorbed laser power is taken as the heat source, since the other half of the absorbed power is dissipated by propagation in the -x direction. Radiative cooling of the fiber is negligible at the temperatures attained in these experiments. Since, as shown below, the thermal gradient is small over the extent of the beam waist, we use a flux boundary condition at X = 0 corresponding to half the total absorbed laser power, i.e., I wcrCx) = 0.51
where I wu is the total laser power absorbed by the fiber. The other boundary condition is
whereL is an scaling length discussed below. The solution to Eq. (1) with these boundary conditions is:
where the temperature increase, T', is defined
The solution is insensitive to the value of Las long as L > 3/m.
The coefficient for free convective cooling, h, is estimated using empirical relations for horizontal cylindrical system found in the literature. The Grashof number is defined [22] :
where T 1 and T 2 are the fiber and air temperatures, 500 K and 300 K in these calculations. The temperature at which the gas properties should be calculated, T 1 , is defined as 0.5(T 1 + T 2 ). The fmal value of his insensitive to the values ofT 1 , T 2 , and T 1 overtherange expected in this experiment.
The rest of the variables in Eq. (5) These values yieldN 0 ,= 6.6x10-6. We now calculate the Rayleigh number:
where N p,. is the Prandtl number and is 0. 706 for air below 900 K.
We follow Lienhard [21] in empirically relating the Nusselt number to the Rayleigh number: Table I and discussed in the text. ., Fig. 8 The frequency of the G-band as a function of vertical position along the fiber. probe laser beam only (upper trace) and probe and heating beams (lower trace). Positive positions correspond to points above the laser focus. The collection time for each trace was 10 minutes. Fig. 9 The intensity of the G-band as a function of venical position along the fiber: probe beam only (lower trace) and probe and heating beams (upper trace). Same experiment as Fig.   8 . 
